catalytic chemistry. Most of this work has been covered in several reviews [1] [2] [3] [4] [5] [6] [7] . Amongst others, catalytic hydrogenation (HYD) is often used to upgrade lignin or the products derived from lignin depolymerization. Aromatics (BTX) and alkylphenols are usually targeted by such methods, because they are valuable platform molecules in the chemical industry [1] .
The promise of using alcohol solvents for lignin depolymerization has already been early recognized [8] [9] [10] . Homogeneous Lewis acid catalysts facilitate the deconstruction of lignin in alcohols at relatively high temperature [11] . Recent studies by Güvenatam et al. demonstrate that soda lignin can be effectively converted in a mixture of hydrocarbon products both in ethanol and ethanol/water mixtures [12] . Barta et al. used a heterogeneous Cu-doped porous metal oxide catalyst (Cu-PMO) obtained by calcination of a hydrotalcite precursor to depolymerize lignin in supercritical methanol [13, 14] . This catalyst also displayed activity in the partial removal of oxygen from the products. Under relatively harsh conditions (300 °C, ~200 bar autogenous pressure) not only lignin but also lignocellulosic biomass such as wood chips could be nearly completely converted into useful chemicals [15] . Huang et al. found that carrying out a similar lignin depolymerization process in ethanol instead of methanol using a Cu-Mg-Al mixed oxide catalyst resulted in higher aromatics yield and less char by-product [8] [9] [10] . The better performance in ethanol is in keeping with an earlier report by Cheng et al. [16] .
The group of Ford concluded that reaction in methanol leads to nearly complete hydrogenation of the aromatic rings [13, 17] . This would be unattractive from the economic point of view as hydrogen is too costly [18] . The conclusion of Barta et al. that all aromatic rings were hydrogenated is based on the erroneous interpretation of HSQC NMR data, which showed the disappearance of aromatic C-H groups in the products. The alternative interpretation is that the aromatic rings were extensively alkylated by methanol. This was confirmed in the work of Huang et al. [9] . Overall, the aromatic monomers yields are higher when depolymerization of lignin is carried out in ethanol than in methanol [16, 19, 20] . Ethanol has several functions: it dissolves lignin, it chemically protects the useful lignin fragments against undesired repolymerization by alkylation of aromatic rings and phenolic groups and it is a source of hydrogen to facilitate the hydrogenative removal of oxygen functionalities from the fragments [8] . Ethanol also acts as formaldehyde scavenger, which is involved in reactions of lignin fragments to higher molecular-weight products [9] .
Transition metal phosphides constitute a promising class of hydrotreating catalysts, because they do not require sulfidation, their preparation is relatively easy, they do not contain noble metals, and they are able to activate hydrogen [21] . Metal phosphides are usually prepared by simultaneous reduction of a metal salt or oxide and a phosphorus compound with hydrogen [22] . In the classical phosphate method, the catalyst support is loaded with a metal nitrate and ammonium phosphate, followed by reduction at elevated temperature (500-800 °C). Alternative sources of phosphorus such as phosphite, hypophosphite, and phosphine require lower reduction temperatures, which is beneficial as higher dispersion of the final metal phosphide phase is possible [22] . Most frequently silica is used as catalyst support, but alumina was also evaluated in some special cases [23, 24] .
Aside from application as a catalyst for hydrodesulfurization (HDS) [25, 26] , Ni 2 P/SiO 2 has also been used as a hydrodeoxygenation (HDO) catalyst for upgrading of biooil obtained by pyrolysis of lignocellulosic biomass [27] . Ni/SiO 2 has also been employed to depolymerize lignin in the presence of molecular hydrogen, mainly yielding substituted alicyclic and aromatic hydrocarbons [28] . The use of Ni-phosphide catalysts instead of reduced Ni is explored in this work in order to retain high HDO reaction rate and to lower the rate of aromatic ring hydrogenation. The use of Ni-phosphide catalysts in combination with CuMgAlO x is explored here, as the latter catalyst generates hydrogen during ethanolysis of lignin [10] . This hydrogen is used to activate reduced and passivated Ni 2 P/SiO 2 [22] and for the HDO reactions. We also paid attention to the conversion of ethanol, as solvent usage should be limited in practice.
In this work, we optimized the preparation of nickel phosphide catalysts towards the HDO of lignin oil and technical lignin. The conversion of technical lignin was done in a two-catalyst system involving supported Ni-phosphide and the earlier described CuMgAlO x catalyst. We varied the P precursor and the reduction temperature for silica, amorphous silica alumina (ASA) and alumina supported catalysts. We also explored alternative preparation methods on silica and carbon supports. From this work, the optimal catalyst appeared to be a Ni 2 P/SiO 2 catalyst prepared using phosphate as the precursor. In combination with CuMgAlO x , the catalyst is able to obtain a yield of aromatic monomers of 53 wt% at a high HDO degree of 83 wt%.
Experimental Methods

Chemicals and Materials
Protobind 1000 alkali lignin was purchased from GreenValue. This lignin was obtained by soda pulping of wheat straw (sulfur-free lignin with less than 4 wt% carbohydrates and less than 2 wt% ash). All commercial chemicals 1 3
were analytical reagents and were used without further purification.
Catalyst Preparation
For the Ni-containing catalysts the metal loading was fixed at 10 wt%. Commercial silica (SiO 2 ) and alumina (γ-Al 2 O 3 , Ketjen CK300) supports were used and are denoted as SiO 2 and Al 2 O 3 , respectively. Amorphous silica alumina, denoted as ASA and nominally composed of 5 wt% Al 2 O 3 and 95 wt% SiO 2 , was prepared by alumination of silica at pH 9 followed by calcination at 500 °C [29] . All supports were sieved to 125-250 μm size before further use.
The catalysts prepared in this study are listed in Table 1 . Silica-supported catalysts were prepared with P/Ni atomic ratios equal to or higher than two (entries 1-5 in Table 1 ). The dried silica supports were impregnated with aqueous solutions of Ni(NO 3 ) 2 ·6H 2 O. The impregnated catalysts were dried overnight in air at 110 °C, and then calcined at 550 °C for 5 h. These NiO/SiO 2 catalysts were impregnated with aqueous solutions of (NH 4 ) 2 HPO 4 (P/Ni = 2), H 3 PO 3 (P/Ni = 2 or 6), or H 3 PO 2 (P/Ni = 2), dried overnight in air at 100 °C, and then reduced in 100 ml/min H 2 flow at varying temperatures for 3 h after heating at 1 °C/min. The resulting catalysts were designated as NiO/SiO 2 (r, PO x ) in which r is the P/Ni ratio and PO x the phosphorus oxide precursor (PO 4 3− , PO 3 3− or PO 2
3−
). In this way, we prepared NiO/SiO 2 (2, PO 4 ), NiO/SiO 2 (2, PO 3 ), NiO/SiO 2 (2, PO 2 ) and NiO/SiO 2 (6, PO 3 ) (entries 1-4 in Table 1 ). The reduced catalysts were cooled to room temperature in hydrogen, and passivated in 100 ml/min 1% O 2 containing N 2 gas mixture.
Another catalyst was prepared by a modified sol-gel (SG) procedure [30] : 7.52 g Ni(NO 3 ) 2 ·6H 2 O and 5.42 g urea were dissolved in 295 ml water and its pH was adjusted to 2.3 by concentrated HNO 3 . An amount of 32 ml TEOS and 29 ml ethanol were mixed and filled into a 100 ml dropping funnel. This solution was added dropwise into the stirred Ni(NO 3 ) 2 -urea solution. During continuous stirring the temperature and the pH were increased to 80 °C and 5.7, respectively, resulting in a dark green gel. After 10 h stirring, the mixture was cooled to room temperature, filtered, and washed with ethanol and water. The dried and sieved precursor was calcined at 550 °C for 5 h, then impregnated with H 3 PO 3 (P/Ni = 2) and finally reduced at 540 °C for 3 h. This catalyst is designated as NiO/SiO 2 -SG (2, PO 3 ) (entry 5 in Table 1 ).
In order to study the effect of the support and initial P/ Ni ratios ASA and Al 2 O 3 supported catalysts were prepared at P/Ni ratios of 1 and 4, resulting in NiO/Al 2 O 3 (4, PO 3 ), NiO/Al 2 O 3 (1, PO 2 ), NiO/ASA (4, PO 3 ) and NiO/ ASA (1, PO 3 ) (entries 6-9 in Table 1 ). The preparation procedure was the same as described above and calcination and reduction were done at 550 and 540 °C, respectively, with the exception of the hypophosphite (H 3 PO 2 ) precursor for which a reduction temperature of 400 °C was used (entry 9 in Table 1 ).
The mode of impregnation was studied in this series on sol-gel prepared NiO/silica (NiO/SiO 2 -SG) and commercial silica (SiO 2 ) supports using a P/Ni ratio of 1 (entries 10-14 in Table 1 ). NiO/SiO 2 -SG (1, PO 4 ) and NiO/SiO 2 -SG (1, PO 3 ) were prepared by impregnating the P precursor to the calcined sol-gel prepared NiO/SiO 2 precursor. Coimpregnation of silica with combinations of Ni(NO 3 ) 2 with either (NH 4 ) 2 HPO 4 or H 3 PO 3 led to Ni/SiO 2 (1, PO 4 ) and Ni/SiO 2 (1, PO 3 ). These catalysts were not calcined prior to reduction. Another catalyst was consecutively impregnated NiO/SiO 2 (1, PO 4 ). Phosphate and phosphite precursors were reduced at 620 and 540 °C, respectively. A detailed recipe for the preparation of the 20 wt% Cu containing CuMgAlO x catalysts with (Cu + Mg)/Al = 2 molar ratio is given elsewhere [8] . Briefly, Cu(NO 3 ) 2 , Mg(NO 3 ) 2 , and Al(NO 3 ) 3 salts were dissolved in water. This solution, along with a NaOH solution, was added dropwise to a Na 2 CO 3 solution at 60 °C with stirring, whilst keeping the pH at 10. The slurry was aged at 60 °C under stirring for 24 h. The precipitate was filtered, washed, and dried. The hydrotalcite-like precursor was calcined at 460 °C for 6 h in air.
Catalyst Characterization
H 2 -TPR of catalyst precursors was conducted on a Micromeritics Autochem II chemisorption analyzer. An amount of 50 mg catalyst precursor was loaded into a quartz U-tube reactor. The reduction was performed with a 4 vol% H 2 /N 2 flow (50 ml/min) at a rate of 1 °C /min. The H 2 consumption was determined using a thermal conductivity detector (TCD).
Elemental analysis was done by inductively coupled plasma optical emission spectroscopy (ICP-OES) on a Spectro CIROS CCD spectrometer equipped with a freerunning 27.12 MHz generator at 1400 W. Samples were dissolved in an equivolumetric mixture of aqueous solutions of 40% HF, 65% HNO 3 and water.
Powder X-ray diffraction (XRD) was measured on a Bruker Endeavor D2 with Cu Kα radiation (40 kV and 30 mA). Patterns were recorded with 0.02° steps over the 10°-85° angular range with 1 s counting time per step. N 2 physisorption was measured on a Tristar 3000 system. The samples were degassed at 300 °C for 5 h prior to measurements. The surface areas were determined by the Brunauer-Emmett-Teller (BET) equation. The pore volumes and average pore diameters were determined by the Barrett-Joyner-Halenda (BJH) method from the desorption branches of the isotherms.
Catalytic Activity Measurements
Lignin conversion experiments were carried out in two types of stainless-steel high-pressure autoclaves (50 ml AmAr or 100 ml Parr). Typically, the autoclave was charged with a suspension of 0.2 or 0.5 g catalyst and 0.4 or 1.0 g lignin in 20 or 40 ml ethanol, respectively. When two catalysts were combined, the autoclave was charged with 0.2 (0.5) g CuMgAlO x and 0.2 (0.5) g Ni-containing catalysts. The reactor was sealed and purged with nitrogen several times to remove oxygen. After leak testing, the pressure was increased to 20 bar with nitrogen or with hydrogen and the reaction mixture was heated to 340 °C under continuous stirring at 500 rpm within 1 h. After the reaction, the heating oven was removed, and the reactor was allowed to cool to room temperature. The liquid phase product mixture was analyzed by a Shimadzu 2010 GC-MS system equipped with a RTX-1701 column (60 m × 0.25 mm × 0.25 μm) and a flame ionization detector (FID) together with a mass spectrometer (MS) detector. Identification of products was based on a search of the MS spectra with the NIST11 and NIST11s MS libraries. The GC peaks with the same molecular weight (Mw) were unified and presented by the structure determined by GC-MS. These products were further divided into four groups, namely hydrogenated cyclics (−O (oxygen-free)) [HC ], according to the nature of the ring structure and functional groups. The FID response factors were calculated using the Effective Carbon Number (ECN) method [31] relative to n-dodecane, which served as the internal standard. The lignin monomers and ethanol product yields, the aromatic hydrogenation (HYD) and hydrodeoxygenation (HDO) degrees were determined using Eqs. (1-4):
Results and Discussion
Silica-Supported Catalysts with P/Ni ≥ 2
Five silica-supported nickel phosphide catalysts were prepared at a P/Ni precursor ratio equal to or higher than 2 ( Table 1 , entries 1-5). A higher than stoichiometric precursor ratio was initially chosen, because it is known that excess phosphorus is needed to obtain Ni 2 P [22, 32] . Ni 2 P is usually the preferred nickel phosphide phase, for instance when guaiacol is being deoxygenated [33] . An initial P/Ni of 2 ratio was determined to be optimum for preparing active Ni 2 P/SiO 2 catalysts for guaiacol HDO, in line with the optimum preparation for HDS reactions [34] . According to a detailed XRD studh, the reduction proceeds through formation of metallic Ni at about 400 °C followed by formation of Ni 2 P at about 550 °C when the P precursor is reduced [35] . TPR is typically employed to determine the lowest reduction temperature that lead to Ni 2 P. The TPR traces for NiO/SiO 2 (2, PO 4 ) and NiO/SiO 2 (2, PO 3 ) show reduction features at 398, 478, 624, 732 °C (Fig. 1a) and 395, 478, 517, 565 °C (Fig. 1b) 6 ).
An alternative approach to obtain Ni 2 P is to use phosphite and hypophosphite precursors at high initial P/Ni ratios, followed by activation in a nitrogen flow instead of hydrogen in the 200-250 °C [37, 38] . We prepared ( 
5)
NiO + 1∕2 NH 4 (Fig. 2) , we did not include this catalyst in our further studies. Reduced NiO/ SiO 2 (2, PO 4 ) and NiO/SiO 2 (2, PO 3 ) retained the favorable textural properties of silica. Their Ni and P loadings, pore volumes and BET surface areas were in the same range ( Table 2 ), suggesting that the active phase dispersions of Ni 2 P should be not too different in the reduced catalysts. On contrary, low surface area (12 m 2 /g) and pore volume 0.07 cm 3 /g were observed for reduced NiO/SiO 2 (2, PO 2 ), indicating that the pores of this catalyst became blocked (Table 2 ). Elemental analysis (Table 2) shows that the latter catalyst contains a much higher amount of P than that expected for Ni 2 P, suggesting that not all PO 2 3− was reduced. Thus, it is likely that these species block the pores of the support.
We also derived a catalyst from NiO/SiO 2 prepared by a sol-gel procedure and phosphite impregnation (P/Ni = 2) followed by reduction in hydrogen [30] . XRD shows that the fresh NiO/SiO 2 -SG and reduced NiO/SiO 2 -SG (2, PO 3 ) catalysts contained NiO and Ni 2 P phases, respectively (Fig. 3) . The surface areas of the oxidic and reduced forms were 459 and 73 m 2 /g, respectively ( Table 2 ). The surface area of the reduced catalyst was lower than reported in literature [30] , likely due to the lower reduction temperature used in the present study leaving a larger amount of P unreduced. We argue in the present study that reduction at 540 °C is appropriate for the phosphite-based catalysts.
We then used these catalysts together with CuMgAlO x in a one pot approach for the upgrading of soda lignin with the purpose to increase the HDO degree. We first discuss three types of reference experiments for comparison, which involved the use of (ref. (Table 3 , entry 1). About 29 wt% of the monomers were ring-hydrogenated and about 47 wt% were completely deoxygenated. The yield of ethanolderived products (not including alkylated lignin products) is 11 wt%. Self-reactions of ethanol are of the Guerbet-type and yield alcohols and esters [8] [9] [10] . The dominant reaction product is 1-butanol. As these reactions negatively affect the process economics, the self-condensation of ethanol should be limited.
When reduced NiO/SiO 2 (2, PO 3 ) was used as the sole catalyst (ref.
2), the lignin monomer yield was only 3 wt% (Table 3 , entry 2). The yield of ethanol products was slightly higher (16 wt%) than in the reference case, mainly due to formation of diethylacetal.
In the two-step approach (ref.
3), the bio-oil stemming from lignin upgrading using CuMgAlO x (lignin monomer yield 16 wt%) was upgraded in the presence of a Ni-phosphide catalyst in 30 bar of hydrogen. Compared to the starting bio-oil, the lignin monomer yield did not significantly change, showing that no further depolymerization took place, in agreement with the result of the Ni-phosphideonly experiment. On the other hand, the product distribution was very different after the HDO step. The HDO degree of the products reached almost 90% (Table 3 entries  3 and 4) . We also studied the influence of the gas phase composition for the case that two catalysts were used. In the absence of hydrogen, the lignin monomer yield was 35 wt% (entry 5 in Table 3 ). The lignin monomer yield increased to 40 wt% (entry 6 in Table 3 ) when the autoclave was pressurized with hydrogen at 20 bar.
The HDO and HYD degrees increased when the CuMgAlO x catalyst was used in combination with NiO/ SiO 2 (2, PO 4 ), NiO/SiO 2 (2, PO 3 ), and NiO/SiO 2 (2, PO 2 ) ( Table 3 , entries 6-8). Only in the combination with NiO/ SiO 2 (2, PO 4 ) the lignin monomer yield was significantly higher at 40 wt%. Despite its higher loading (Table 2) and better dispersed Ni 2 P phase (Fig. 3) , the combination with NiO/SiO 2 -SG (2, PO 3 ) produced only slightly higher lignin monomer yield (32 wt%), yet with a much lower HDO degree (59%) than in the experiment with NiO/SiO 2 (2, PO 3 ) ( Table 3 , entries 9 and 7).
ASA (5/95) and Al 2 O 3 Supported Catalysts
We also investigated ASA and alumina supported Ni catalysts. The XRD patterns of reduced ASA and Al 2 O 3 supported Ni catalysts are shown in Fig. 4 . For the alumina-supported catalysts, no Ni 2 P was observed, which is caused by the strong interaction of Al 3+ species with phosphorus oxides forming AlPO 4 [22] . The particular ASA employed in the present study predominantly contains relatively strongly bound tetrahedral Al species on a silica surface. At a P/Ni ratio of 1, a relatively pure Ni 2 P phase was obtained after reduction at 540 °C [NiO/ASA (1, PO 3 )]. At P/Ni = 4, a mixture of Ni 2 P with Al(OH) 3 + SiO 2 was obtained. Although Ni 2 P was obtained on the ASA support, their use in combination with CuMgAlO x led to lower lignin monomer yields (Table 3 , entries 10, 11) in comparison with the CuMgAlO x reference case. Different from literature [37, 38] , the present results for the ASA-supported catalysts (Fig. 4) demonstrate that a high P/Ni precursor ratio is not necessary to obtain phase-pure Ni 2 P. Accordingly, we used a P/Ni ratio of 1 in subsequent experiments.
SiO 2 Supported Catalysts with P/Ni = 1
NiO/SiO 2 and silica-supported co-impregnated catalysts using phosphate and phosphite precursors were also used as co-catalysts for lignin conversion (Table 1, entries 12-15) . The sol-gel prepared catalyst was obtained by consecutive impregnation of the P source to the NiO/SiO 2 -SG precursor. Hypophosphite was excluded from these experiments in view of the results obtained for these catalysts in lignin upgrading (Table 3 , entries [6] [7] [8] . XRD showed that these catalysts contained phase-pure Ni 2 P (Fig. 5) . Consecutively impregnated Ni 2 P catalysts (NiO/SiO 2 ) allowed obtaining higher lignin monomer yields than co-impregnated ones (Ni/SiO 2 ). Nevertheless, these catalysts did not perform better than the combination with the NiO/SiO 2 (2, PO 4 ) catalyst (Table 3 , entry 6). Generally, the PO 4 catalysts gave better results than the PO 3 ones. 
Performance of the Optimized Ni 2 P/SiO 2 Catalyst
Based on the above results, we conclude that the PO 4 precursor in combination with silica yields the best HDO catalyst in combination with the CuMgAlO x catalyst used for lignin upgrading. The optimum preparation involves consecutive impregnation of Ni and P, an initial P/Ni ratio of 1 and a reduction temperature of 620 °C. Thus obtained Ni 2 P/SiO 2 -NiO/SiO 2 (1, PO 4 )-has a surface area of 140 m 2 /g and a much lower final P/Ni ratio (0.75) than the other catalysts (Table 2 ). This shows that most of the phosphate in the precursor has been reduced, making the active Ni 2 P accessible for catalysis. In the conversion of soda lignin (Table 3 , entry 16), this catalyst showed clear synergy with the CuMgAlO x catalyst, presenting the highest lignin monomer yield (53 wt%) and HDO degree (83 wt%). The aromatic HYD level was only 43 wt% in this case. The optimized two-catalyst system presented very promising performance in comparison to other Nibased catalyst systems used for bio-oil and lignin upgrading [27, 28] .
We discussed and explained the synergistic and cooperative activation of this optimized two-catalysts system in terms of monomeric product yield and HDO selectivity in more detail in a recent paper [39] . Briefly, the synergy relates to the in situ production of hydrogen by the CuMgAlO x component, maintaining the Ni 2 P surface in its active state. The Ni 2 P catalyst contributes to removing oxygen functionalities from released monomers, thereby reducing the propensity to condensation and, overall, increasing the HDO selectivity. The solid product/catalysts mixtures are very complex. Extracting the catalysts from it would involve treatment with strong acids which would at least partly oxidize the metal phosphides. Therefore, we did not attempt to extract and analyse the spent catalyst from the solids.
Conclusions
Preparation of phase-pure Ni 2 P can be achieved on silica and siliceous amorphous silica-alumina. The preferred preparation involves a low initial P/Ni precursor, phosphate as P-source and a relatively high reduction temperature of 620 °C. When free aluminium species are present as in g-alumina, Ni 2 P cannot be obtained. Although the use of phosphite and hypophosphite can also render Ni 2 P on silica at lower reduction temperature, residual P-oxides block the pores and limit the surface area of the catalyst. Ni 2 P catalysts displayed very little activity in lignin depolymerization. Conversion of a lignin oil derived from depolymerization of soda lignin in ethanol using CuMgAlO x demonstrated that Ni 2 P/SiO 2 is an active catalyst for the HDO of lignin monomers. The HDO degree increased from 47 to 86 wt%. Combining CuMgAlO x and Ni 2 P/SiO 2 proved synergistic in the onestep upgrading of lignin in ethanol at 340 °C, achieving more than 50 wt% lignin monomers at a HDO degree of >80 wt%. 
